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INTRODUCTION 

The hyd rogen  g a s i f i c a t i o n  of ca rbon  i n  t h e  p resence  of a l k a l i  m e t a l  
s a l t s  has been r e p o r t e d  i n  o n l y  a few s t u d i e s  t1 -31 ,  and l i t t l e  i n f o r m a t i o n  
about  r e a c t i o n  k i n e t i c s  o r  c a t a l y t i c  enhancement i s  a v a i l a b l e .  The 
u n c a t a l y z e d  r e a c t i o n .  i n  c o n t r a s t ,  has r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  14,51. 
Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  r e s u l t s  o f  Can and Back t 6 1  and B lacknood  171, 
*ho r e p o r t e d  t h e  e f f e c t s  o f  oxygen on t h e  methane p r o d u c t i o n  r a t e .  

i t  i s  a d i r e c t  r o u t e  t o  methane p r o d u c t i o n  and because i t  o f f e r s  a u n i q u e  
env i ronmen t  i n  w h i c h  t o  s t u d y  g a s i f i c a t i o n  c a t a l y s t  b e h a v i o r .  Hydrogen 
g a s i f i c a t i o n  i n v o l v e s  an e l e m e n t a l  f e e d  gas (H.) and a s i n g l e  p r o d u c t  (CH.), 
t h u s  f a c i l i t a t i n g  a c c o u n t i n g  o f  c a r b o n  and oxygen f r o m  b o t h  r e a c t a n t  and 
c a t a l y s t  d u r i n g  g a s i f i c a t i o n .  The n o r k  p r e s e n t e d  i n  t h i s  paper  f o c u s e s  on 
t h e  i m p o r t a n c e  o f  oxygen i n  hyd rogen  g a s i f i c a t i o n ,  and d i s c u s s e s  r e s u l t s  o f  
exper imen ts  i n v o l v i n g  b o t h  a l k a l i - m e t a l  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s .  
T h i s  s t u d y  i s  a c o n t i n u a t i o n  o f  e a r l i e r  work t B 1 .  

Hydrogen g a s i f i c a t i o n  i s  under  i n v e s t i g a t i o n  i n  our l a b o r a t o r y  because 

EXPERIMENTS 

The ca rbon  u s e d  i n  t h i s  s t u d y  i s  a g r a p h i t i c  ca rbon  l a o p b l a c k  ( F i s h e r  
S c i e n t i f i c )  w i t h  a n  i n i t i a l  BET s u r f a c e  a r e a  o f  20 square  me te rs  p e r  gram and 
an i m p u r i t y  c o n t e n t  o f  l e s s  t h a n  0.1 p e r  c e n t .  The c a t a l y s t s  (KaCO=, NaaCO=, 
K C I )  were d e p o s i t e d  on t h e  ca rbon  by  wet i m p r e g n a t i o n  i n  m e t a l  t o  ca rbon  
molar  r a t i o s  o f  a p p r o x i m a t e l y  0.01 and 0.02. U n c a t a l y z e d  ca rbon  samples n e r e  
a l s o  p u t  t h r o u g h  t h e  same i m p r e g n a t i o n  p r o c e d u r e  b u t  w i t h o u t  a d d i t i o n  o f  
c a t a l y s t .  A c t u a l  U / C  r a t i o s ,  measured by n e u t r o n  a c t i v a t i o n  a n a l y s i s ,  a r e  
K/C = 0.0093 and 0.0192 f o r  KaCO., Na/C = 0.0111 and 0.0221 f o r  NaaC03, and 
K / C  = 0.019 f o r  K C I .  T y p i c a l  sample s i z e s  g a s i f i e d  were 60-70 m i l l i g r a m s .  

The g a s i f i c a t i o n  a p p a r a t u s  c o n s i s t s  o f  a f i x e d  bed d i f f e r e n t i a l  r e a c t o r  
equipped w i t h  a gas  c o l l e c t i o n  system and gas ch romatog raph  ' f o r  r a t e  
measurement and p r o d u c t  gas a n a l y s i s .  The p r e s s u r e  v e s s e l  i s  a Haynes A l l o y  
t u b e  (0 .875"  I D  and  2.0" OD) des igned  f o r  s i m u l t a n e o u s  o p e r a t i o n  a t  1000DC 
and 1000 p s i .  R a t e  i s  measured a s  r a t e  o f  methane e v o l u t i o n  v i a  t i m e d  
c o l l e c t i o n  o f  p r o d u c t  gas; e v o l u t i o n  r a t e s  as  l ow  as  0.005 n l l m i n  can be 
a c c u r a t e l y  measured. F u r t h e r  d e t a i l s  a r e  g i v e n  e l s e w h e r e  181. 

811 g a s i f i c a t i o n  e x p e r i m e n t s  n e r e  c a r r i e d  o u t  i n  p u r e  hyd rogen  ( A i r c o ,  
99.999%) a t  500 p s i  p r e s s u r e  and a f l o w  r a t e  o f  3 -5  l i t e r s ( S T P ) / m i n u t e l g r a r  
i n i t i a l  ca rbon .  In a l l  r e a c t i o n s  t h e  a p p a r a t u s  was evacua ted  t h r e e  t i n e s  and 
t h e n  purged i n  h e l i u m  d u r i n g  i n i t i a l  h e a t i n g .  Hydrogen nas t h e n  added t o  t h e  
r e a c t o r  a t  500'C in most  e x p e r i m e n t s .  I n  some e x p e r i m e n t s  u n c a t a l y z e d  
Samples mere degassed by h e a t i n g  t o  1000°C i n  vacuum f o r  t n e l v e  h o u r s  b e f o r e  
g a s i f i c a t i o n ,  and i n  o t h e r s  hyd rogen  was added a t  room t e m p e r a t u r e .  

I 
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RESULTS 

A11 g a s i f i c a t i o n  exper iments  ne re  conducted i n  a l a r g e  e x c e s s  of 
hydrogen, s o  t h a t  t h e  methane format ion  r e a c t i o n  was f a r  f ron  equ i l ib r ium.  
I n  a d d i t i o n ,  r epea ted  exper iments  i n  which s a n p l e  s i z e  and f l o n  r a t e  mere 
changed and in which sample t empera tu re  was measured a l low u s  t o  conclude  
t h a t  the  r e s u l t s  r e p r e s e n t  i n t r i n s i c  and r e p r o d u c i b l e  k i n e t i c  r a t e  
measurements f o r  t h e  hydrogen g a s i f i c a t i o n .  

Cata lvzed  G a s i f i c a t i o n :  The exper imenta l  d a t a  a r e  r ep resen ted  as  r a t e  of 
methane evo lu t ion  ve r sus  t ime dur ing  g a s i f i c a t i o n .  The s t a r t  of r e a c t i o n  
(t .0) i s  taken as t he  t ime nhere  hydrogen i s  added t o  the r e a c t i o n  v e s s e l  
(500°C); s t eady  s t a t e  tempera ture  is  reached  a f t e r  about 55 minutes. I n  t he  
F igu res ,  t h e  symbols r e p r e s e n t  i nd iv idua l  c o l l e c t i o n  p o i n t s ;  t h e  cu rve  
r e p r e s e n t s  t h e  bes t  f i t  of t h e  r a t e  d a t a .  Methane e v o l u t i o n  r a t e  i s  
normalized t o  i n i t i a l  carbon weight;  i n t e g r a t i o n  of t h e  r a t e  cu rve  g i v e s  a 
carbon convers ion  c l o s e  t o  t h a t  ob ta ined  by ne ighing  t h e  sample r e s i d u e .  

Methane e v o l u t i o n  r a t e  f o r  g a s i f i c a t i o n  in  t h e  p re sence  o f  NanCO. and 
KaCO. c a t a l y s t s  a t  865OC a r e  given in  F igu re  I f o r  M/C = 0.02 and in F igu re  2 
f o r  H/C = 0.01. The r a t e  cu rve  f o r  sodium i s  s ca l ed  t o  t h e  same M l C  r a t i o  a s  
potassium. T h e  r e s u l t s  shon t h a t  both c a t a l y s t s  enhance t h e  r a t e  of hydrogen 
g a s i f i c a t i o n ,  bu t  shon d i f f e r e n t  c a t a l y t i c  e f f e c t s  as  carbon i s  consumed. 
For NaaCOJ, r a t e  i s  a maximum near  t h e  t ime where s t eady  s t a t e  t empera tu re  i s  
f i r s t  reached ,  whereas f o r  KaCOs t h e  r a t e  i n c r e a s e s  a s  g a s i f i c a t i o n  proceeds .  
The r e s u l t s  f o r  g a s i f i c a t i o n  i n  t h e  p re sence  o f  KCl a r e  a l s o  g iven  i n  F igu re  
1 ,  and shon t h a t  KC1 has  l i t t l e  c a t a l y t i c  e f f e c t  i n  hydrogen g a s i f i c a t i o n .  

over t h e  tempera ture  range  o f  7B0-9OO0C f o r  the  unca ta lyzed  r e a c t i o n  and i n  
t h e  presence  o f  t h e  ca rbona te  c a t a l y s t s .  The Arrhenius  p l o t s  a r e  given  i n  
F igu re  3 a t  20% carbon convers ion  f o r  a l l  t h r e e  samples;  a l s o  shonn ( b y  
do t t ed  l i n e )  i s  t h e  p l o t  a t  30% conver s ion  f o r  t h e  NaoCOl sample. The 
c a l c u l a t e d  a c t i v a t i o n  energy a t  20% conver s ion  i s  220 kJlmole f o r  KaCO., 251 
kJ/mole f o r  Na.CO., and 2.54 kd lno le  f o r  t h e  unca ta lyzed  r e a c t i o n .  The loner  
va lue  f o r  t he  potass ium c a b a l y s t  r e s u l t s  from s c a t t e r  i n  t h e  d a t a ,  as 
potass ium c a t a l y s t  gave t h e  h i g h e s t  r e a c t i o n  r a t e  and t h u s  the f e n e s t  nunber 
o f  c o l l e c t i o n  p o i n t s .  Therefore ,  t h e  a c t i v a t i o n  energy i s  t h e  same w i t h i n  
exper imenta l  u n c e r t a i n t y  f o r  both ca t a lyzed  and unca ta lyzed  r e a c t i o n s  and 
approximate ly  equal  t o  250 kdlmole. 

T h e  d i f f e r e n t  g a s i f i c a t i o n  r a t e  cu rves  f o r  sodium and potass ium 
ca ta lyzed  reac t i 'ons  l e d  t o  i n v e s t i g a t i o n  of t h e  i n t e r a c t i o n  be tneen  c a t a l y s t  
and carbon and e v o l u t i o n  o f  oxygen s p e c i e s  du r ing  hea tup .  In t h e s e  
exper iments ,  t h e  r e a c t o r  was purged as  u s u a l ,  b u t  the sample nas  hea ted  i n  
hydrogen and gas  e v o l u t i o n  was monitored du r ing  hea tup .  The r e s u l t s  of t h e s e  
exper iments  a r e  g iven  in  Table  1. T h e  pr imary  gas  evolved  from K.CO. i s  CO., 
which appea r s  i n  t h e  tempera ture  r ange  of 300-500°C, n h i l e  NaaCOI r e l e a s e s  
p r i m a r i l y  C O  a t  400-700OC. T h e  unca ta lyzed  r e a c t i o n  r e l e a s e s  very  sma l l  
q u a n t i t i e s  of each gas  a t  s i m i l a r  t empera tu res ,  p robably  from neakly bound 
oxygen s p e c i e s  on the carbon s u r f a c e .  

Ac t iva t ion  energy  of t h e  hydrogen g a s i f i c a t i o n  r e a c t i o n  nas measured 
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TABLE 1 
Gas E v o l u t i o n  d u r i n g  Sample Heatup 

cn/c = 0.02) 

C a t a l y s t  C O  COa T o t a l  F r a c t i o n  o f  Oxygen 
(mg) (mg) Oxygen i n  C a t a l y s t  E v o l v e d  

(mg) as CO a s  Con 

KaCOs 0.50 1.05 1.04 0.12 0.31 
NazCO. 1.05 0.29 0.81 0.22 0.05 
none 0.031 0.102 0 . 0 9 3  

U n c a t a l y r e d  G a s i f i c a t i o n :  The e f f e c t s  of i n d i g e n o u s  oxygen,  p r e s e n t  on t h e  
s u r f a c e  or  i n  t h e  b u l k  o f  t h e  un impregna ted  ca rbon ,  was i n v e s t i g a t e d  b y  
c o n d u c t i n g  s e v e r a l  e x p e r i m e n t s  i n  w h i c h  t h e  c a r b o n  nas  e i t h e r  degassed o r  
p a r t i a l l y  r e a c t e d  i n  oxygen. Carbon was degassed b y  h e a t i n g  t o  1000°C i n  
vacuum t o  remove a d s o r b e d  oxygen. Oxygen was r e p l e n i s h e d  on t h e  c a r b o n  
s u r f a c e  by p a r t i a l  combus t ion  i n  a i r  a t  400OC. The p a r t i a l  combus t ion  was 
c o n t r o l l e d  by a d m i t t i n g  a f i n i t e  amount o f  oxygen i n t o  t h e  p r e s s u r e  v e s s e l  
and t h e n  a l l o n i n q  t h e  r e a c t i o n  t o  go  t o  c o m p l e t i o n .  

R e s u l t s  o f  t h e  e x p e r i m e n t s  a r e  g i v e n  i n  F i g u r e  4 as methane f o r m a t i o n  
r a t e  v e r s u s  ca rbon  c o n v e r s i o n .  The s o l i d  c i r c l e s  r e p r e s e n t  r a t e  f o r  an 
u n t r e a t e d  sample.  The open squares  r e p r e s e n t  a sample i n i t i a l l y  degassed, 
g a s i f i e d  i n  h y d r o g e n  ( t o  20% c o n v e r s i o n ) ,  p a r t i a l l y  combusted i n  oxygen ( t o  
35% c o n v e r s i o n ) ,  and  t h e n  f u r t h e r  g a s i f i e d  i n  hyd rogen .  The open t r i a n g l e s  
r e p r e s e n t  a sample i n i t i a l l y  g a s i f i e d  i n  hyd rogen  ( t o  25% c o n v e r s i o n ) ,  
p a r t i a l l y  combusted i n  oxygen ( t o  35% c o n v e r s i o n ) ,  and then  f u r t h e r  g a s i f i e d  
i n  hydrogen.  The r e s u l t s  show t h a t  degass ing  r e d u c e s  g a s i f i c a t i o n  r a t e ,  and 
t h a t  p a r t i a l  c o m b u s t i o n  i n  oxygen r e c o v e r s  some r e a c t i v i t y  t oward  hyd rogen .  
I t  was necessa ry  t o  p a r t i a l l y  combust t h e  c a r b o n  t o  r e c o v e r  r e a c t i v i t y ;  an 
exper imen t  i n  wh ich  t h e  ca rbon  Was exposed t o  oxygen a t  room t e m p e r a t u r e  
showed no subsequen t  i n c r e a s e  i n  r e a c t i v i t y  t o w a r d  hydrogen,  t h u s  i n d i c a t i n g  
l i t t l e  r e a c t i o n  bet*een oxygen and ca rbon .  

D I S C U S S I O N  

F i g u r e s  1 and 2 i l l u s t r a t e  t h a t  b o t h  sod ium and  p o t a s s i u m  c a r b o n a t e  a r e  
e f f e c t i v e  hyd rogen  g a s i f i c a t i o n  c a t a l y s t s .  The c u r v e s  a l s o  show t h a t  t h e  
g a s i f i c a t i o n  r a t e  changes  s i g n i f i c a n t l y  as c a r b o n  i s  consueed, and i n  a 
d i f f e r e n t  manner f o r  each c a t a l y s t .  

Tno q u a n t i t i e s  p e r t a i n i n g  t o  g a s i f i c a t i o n  o f  t h i s  carbon, measured i n  an 
e a r l i e r  work [El, must b e  ment ioned.  F i r s t ,  s p e c i f i c  BET s u r f a c e  a r e a  of t h e  
ca rbon  b l a c k  i n c r e a s e s  d r a m a t i c a l l y  d u r i n g  g a s i f i c a t i o n  [ E l ,  i n c r e a s i n g  
a p p r o x i m a t e l y  l i n e a r l y  u i t h  c o n v e r s i o n  f r o m  20 ma/g i n i t i a l l y  t o  400 m'lg a t  
s i x t y  p e r  c e n t  c o n v e r s i o n  f o r  b o t h  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s .  
A b s o l u t e  ca rbon  s u r f a c e  a r e a  t h e r e f o r e  i n c r e a s e s  abou t  s i x - f o l d  up t o  60% 
c o n v e r s i o n .  S p e c i f i c  r e a c t i o n  r a t e  based on  t h i s  a r e a  i s  n e a r l y  c o n s t a n t  f o r  
t h e  KzCOs-cata lyzed samples o v e r  t h e  c o u r s e  o f  g a s i f i c a t i o n ,  b u t  dec reases  
s t r o n g l y  f o r  o t h e r  samples. T h i s  i n d i c a t e s  t h a t ,  a t  l e a s t  f o r  t h e  
u n c a t a l y z e d  case,  r a t e  i s  n o t  r e l a t e d  t o  t o t a l  s u r f a c e  area. Second ly ,  
s i g n i f i c a n t  c a t a l y s t  i 5  l o s t  f r o m  t h e  sample d u r i n g  g a s i f i c a t i o n  C87; t h e  
amount o f  c a t a l y s t  a f t e r  g a s i f i c a t i o n ,  d e t e r m i n e d  b y  n e u t r o n  a c t i v a t i o n  
a n a l y s i s ,  dec reases  l i n e a r l y  u i t h  c o n v e r s i o n  t o  a p p r o x i m a t e l y  o n e - t h i r d  o f  
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t h e  i n i t i a l  v a l u e  a t  801 f o r  b o t h  Na.COs and K.COs. T o t a l  s u r f a c e  a r e a  
development  and c a t a l y s t  l o s s  do n o t  e x p l a i n  t h e  i n c r e a s e  i n  r a t e  w i t h  
c o n v e r s i o n ,  however, and o t h e r  f a c t o r s  must t h e r e f o r e  accoun t  f o r  t h e  
observed b e h a v i o r .  

n e a r l y  t h e  same b o t h  f o r  c a t a l y z e d  and u n c a t a l y z e d  r e a c t i o n s  and a t  d i f f e r e n t  
c o n v e r s i o n s .  T h i s  i s  i n  acco rdance  w i t h  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s  [ 9 -  
101 f o r  steam and ca rbon  d i o x i d e  g a s i f i c a t i o n ,  and s u g g e s t s  t h a t  t h e  r o l e  o f  
t h e  c a t a l y s t  i s  t o  i n c r e a s e  t h e  number o f  a c t i v e  s i t e s  w i t h o u t  c h a n g i n g  t h e  
r e a c t i o n  mechanism. T h i s  i n d i c a t e s  t h a t  t h e  a c t i v e  s i t e s  i n  b o t h  c a t a l y z e d  
and u n c a t a l y z e d  g a s i f i c a t i o n  must p e r f o r m  a s i m i l a r  f u n c t i o n ,  and t h a t  
d i f f e r e n t  shapes o f  t h e  r a t e  c u r v e s  i n  F i g u r e s  I and 2 f o r  sodium and 
po tass ium c a t a l y s t s  must b e  a t t r i b u t e d  n o t  t o  d i f f e r e n t  r e a c t i o n  mechanisms 
b u t  t o  d i f f e r e n c e s  i n  a c t i v e  s i t e  p o p u l a t i o n  as g a s i f i c a t i o n  p r o g r e s s e s .  The 
v a l u e  o f  apparen t  a c t i v a t i o n  energy (250 k J / m o l e )  i s  somewhat h i g h e r  t h a n  
v a l u e s  r e p o r t e d  (150-210 k J I m o l e )  C4,5,111 f o r  u n c a t a l y z e d  methane f o r m a t i o n .  
The o n l y  s t u d y  f o r  which a h i g h e r  a c t i v a t i o n  energy  (300 k J / m o l e )  was found  
was f o r  t h e  r e a c t i o n  w i t h  g r a p h i t e  a t  1200-16OO0C C121. T h i s  i s  f u r t h e r  
ev idence  t h a t  t h e  r a t e  measurements r e p r e s e n t s  i n t r i n s i c  r e a c t i o n  k i n e t i c s ,  
and sugges ts  t h a t  v a l u e s  o f  a c t i v a t i o n  energy  measured f o r  po rous  c a r b o n s  and 
c h a r s  may i n c l u d e  e f f e c t s  of d i f f u s i o n  r e s i s t a n c e s  and m i n e r a l  m a t t e r .  

g i v e n  i n  F i g u r e  4, show t h a t  t h e  p r e s e n c e  o f  oxygen on t h e  ca rbon  s u r f a c e  
s t r o n g l y  enhances g a s i f i c a t i o n  r a t e .  T h i s  i s  i n  agreement  w i t h  t h e  r e s u l t s  
o f  Cao and Back [61 ,  who r e p o r t  an o r d e r  o f  magn i tude  i n c r e a s e  i n  methane 
f o r m a t i o n  r a t e  when 0.1% oxygen i s  added t o  t h e  hyd rogen  f e e d  s t ream,  and 
w i t h  t h e  r e s u l t s  o f  B lackwood [71 ,  who obse rved  t h a t  methane f o r m a t i o n  r a t e  
was p r o p o r t i o n a l  t o  oxygen c o n t e n t  o f  coconu t  cha r .  I f  oxygen i s  t h e  key 
e n t i t y  which enhances g a s i f i c a t i o n  r a t e ,  t h e n  t h e  obse rved  dec rease  i n  r a t e  
H i t h  t i m e  f o r  u n c a t a l y z e d  and u n t r e a t e d  c a r b o n  ( s o l i d  c i r c l e s  i n  F i g u r e  4 )  i s  
c o n s i s t e n t  w i t h  t h e  concep t  t h a t  s u r f a c e  oxygen i s  s l o w l y  s t r i p p e d  f r o m  t h e  
ca rbon  d u r i n g  r e a c t i o n  a t  SbS0C. T h i s  concep t  i s  s u p p o r t e d  by t h e  s l o w e r  o r  
n e a r l y  n o n e x i s t e n t  dec rease  i n  r a t e  w i t h  t i m e  f o r  t h e  u n c a t a l y z e d  r e a c t i o n  a t  
l o w e r  t e m p e r a t u r e s ,  i n  which oxygen i s  n o t  removed f r o m  t h e  s u r f a c e .  

l ow  l e v e l  ( 0 . 8  m l  CH./min/gram C) wh ich  i s  e s s e n t i a l l y  i n v a r i a n t  w i t h  t i m e .  
The f i n i t e  r a t e  a f t e r  degass ing  r e s u l t s  e i t h e r  f r o m  t h e  i n t r i n s i c  c a r b o n -  
hydrogen r e a c t i v i t y  o r  f r o m  t h e  p resence  of low l e v e l s  o f  oxygen i m p u r i t i e s  
i n  t h e  carbon o r  r e a c t a n t  gas. When t h e  degassed sample i s  combusted i n  
oxygen a t  4 O O 0 C ,  g a s i f i c a t i o n  r a t e  i n c r e a s e s  by a p p r o x i m a t e l y  2.0 m 1  
CH./min/gram C. S i m i l a r l y ,  when a sample n o t  i n i t i a l l y  degassed ( t r i a n g l e s  
i n  F i g u r e  4) i s  combusted i n  oxygen a t  4 O O 0 C  t h e  r a t e  a l s o  i n c r e a s e s  by  
a p p r o x i m a t e l y  2.0 m l  CH./min/gram C ,  s u g g e s t i n g  t h a t  p a r t i a l  co rnbus t i on  
r e s u l t s  i n  f o r m a t i o n  o f  a s i m i l a r  number o f  new a c t i v e  s i t e s  i n  b o t h  cases.  
F u r t h e r ,  t hese  r e s u l t s  i n d i c a t e  t h a t  nebd a c t i v e  s i t e s  a r e  formed i n  a d d i t i o n  
t o  those  a l r e a d y  e x i s t i n g  on t h e  s u r f a c e .  The t o t a l  methane e v o l u t i o n  r a t e  
i s  t h e r e f o r e  t h e  sum o f  t h e  r a t e s  f r o m  t h e  o r i g i n a l  oxygen-bear ing  s i t e s  
which a r e  s t i l l  a c t i v e  and f rom t h e  s i t e s  c r e a t e d  by  p a r t i a l  combust ion.  

The d i f f e r e n t  r a t e  c u r v e s  f o r  sodium and p o t a s s i u m  c a r b o n a t e  c a t a l y s t s  
and t h e  e v o l u t i o n  u f  d i f f e r e n t  gases d u r i n g  hea,tup shows t h a t  t h e  c a t a l y s t -  
ca rbon  i n t e r a c t i o n s  a r e  s u b s t a n t i a l l y  d i f f e r e n t  f o r  t h e  two  cases.  Fo r  K a C O x  
(R/C=0.02) ,  t h e  e v o l u t i o n  o f  o n e - t h i r d  of t h e  oxygen i n  t h e  c a t a l y s t  as  CO, 
i s  c o n s i s t e n t  w i t h  r e s u l t s  r e p o r t e d  b y  Rims and Pabs t  (131  and Uood and 
S a n c i e r  [ I 4 1  f o r  f o r m a t i o n  o f  a s u r f a c e  o x i d e .  I t  i s  n o t  known a t  t h i s  t i m e  

The A r r h e n i u s  p l o t  i n  F i g u r e  3 shows t h a t  a p p a r e n t  a c t i v a t i o n  e n e r g y  i s  

R e s u l t s  f r o m  degass ing  and p a r t i a l  combus t ion  o f  u n c a t a l y z e d  ca rbon ,  

Degassing t h e  ca rbon  (open squares  i n  F i g u r e  4 )  dec reases  t h e  r a t e  t o  a 
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if a K-0-C  t y p e  complex i s  formed i n  t h e  p r e s e n c e  o f  hydrogen;  honever ,  based 
on t h e  f a c t  t h a t  a b s o l u t e  r a t e  i n c r e a s e s  and s p e c i f i c  r a t e  i s  m a i n t a i n e d ,  i t  
can  be  c o n c l u d e d  t h a t  t h e  p o t a s s i u m  c a t a l y s t  d i s p e r s e s  i n  a S t a b l e  s t a t e  on 
t h e  ca rbon  s u r f a c e  and f o r m s  nen a c t i v e  s i t e s  a s  g a s i f i c a t i o n  p r o g r e s s e s .  
These o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  t h o s e  r e p o r t e d  f o r  a s u r f a c e  o x i d e  
complex; howe\,er no  c o n c l u s i o n s  can be made. 

p y r o p h o r i c  n a t u r e  o f  p o t a s s i u m - c o n t a i n i n g  sample r e s i d u e s  f r o m  1011 
t e m p e r a t u r e  g a s i f i c a t i o n  make i t  i m p o s s i b l e  t o  r u l e  o u t  i n t e r c a l a t i o n  o f  
po tass ium a s  an i n t e r m e d i a t e  s t e p  i n  g a s i f i c a t i o n .  T h i s  phenomena has been 
d i s m i s s e d  f o r  c a r b o n  o x i d a t i o n  r e a c t i o n s  b u t  h a s  n o t  been i n v e s t i g a t e d  f o r  
t h e  r e d u c i n g  h y d r o g e n  g a s i f i c a t i o n  env i ronmen t ,  and i t  i s  p o s s i b l e  t h a t  b o t h  
i n t e r c a l a t i o n  and s u r f a c e  o x i d e  f o r m a t i o n  t a k e  p l a c e .  I n t e r c a l a t i o n  i s  
r e p o r t e d  t o  be a s i n k  f o r  p o t a s s i u m  [151 ,  t h u s  e x p l a i n i n g  t h e  l o n  i n i t i a l  
a c t i v i t y  f o r  K/C=O.OI samples.  Sodium does n o t  i n t e r c a l a t e ;  t h i s  may p r o v i d e  
an e x p l a n a t i a n  o t  o b s e r v e d  g a s i f i c a t i o n  b e h a v i o r .  

temper?, tures d ~ ! r i n g  h e a t u p  sugges ts  t h a t  t h e  c a r b o t h e r m i c  r e a c t i o n  i s  t a k i n g  
p l a c e .  I t  has been r e p o r t e d  t h a t  sod ium m e t a l  i n t e r a c t s  w i t h  s u r f a c e  oxygen 
[ I 6 1  t o  f o r m  an o x i d e  complex s i m i l a r  t o  t h a t  f o r  po tass ium;  i t  i s  p o s s i b l e  
t h a t  such  a complex is r e s p o n s i b l e  f o r  t h e  c a t a l y t i c  a c t i v i t y .  

Two o b s e r v a t i o n s  suages t  t h a t  t h e  i n t e r a c t i o n  o f  t h e  sodium c a t a l y s t  
w i t h  c a r b o n  i s  n o t  a s  s t r o n g  a s  t h a t  o f  po tass ium.  F i r s t ,  a f t e r  g a s i f i c a t i o n  
i n  hydrogen t h e  c a r b o n  r e s i d u e s  c o n t a i n e d  v i s i b l e  p a r t i c l e s  of sodium 
c a r b o n a t e ,  i n d i c a t i n g  t h a t  s i g n i f i c a n t  a g g l o m e r a t i o n  o f  c a t a l y s t  occu red .  
A l so ,  t h e  t o t a l  amount o f  oxygen e v o l v e d  d u r i n g  hea tup  f o r  t h e  HlC-0.02 
samples ( T a b l e  1) was l e s s  f o r  sodium t h a n  f o r  po tass ium.  These o b s e r v a t i o n s  
i n d i c a t e  t h a t  t h e  o v e r a l l  i n t e r a c t i o n  o f  sodium c a r b o n a t e  n i t h  ca rbon  i s  n o t  
as s t r o n g  as  t h e  i n t e r a c t i o n  o f  p o t a s s i u m  c a r b o n a t e  w i t h  ca rbon ,  and i t  i s  
l i k e l y  t h a t  sodium f o r m s  few new a c t i v e  s i t e s  a s  g a s i f i c a t i o n  proceeds.  The 
obse rved  r a t e  i s  t h e r e f o r e  seen t o  dec rease  w i t h  c o n v e r s i o n .  

u n c d t a l y z e d  sample o r  an PI-0- complex f o r  t h e  c a t a l y z e d  r e a c t i o n s )  p romote  
hydrogen g a s i f i c a t i o n  h a s  n o t  been s t u d i e d .  Honever ,  t h e r e  i s  some ev idence  
which a l l o w s  t h e  r o l e  o f  t h e s e  s p e c i e s  t o  b e  p o s t u l a t e d .  Yang and Duan [171  
havs r e c e n t l y  r e p o r t e d  u s i n g  e t c h  p i t  a n a l y s i s  t h a t  t h e  a rm-cha i r  (11211  f a c e  
o f  g r a p h i t e  1 5  more r e a c t i v e  t h a n  t h e  z i g - z a g  (10111 f a c e ,  and t h a t  hyd rogen  
i n h i b i t s  g a s i f i c a t i o n  i n  C O a  and H a O  by p r e f e r e n t i a l l y  a d s o r b i n g  on and t h u s  
s t a b i l i z i n g  t h e  z i g - z a g  face .  The p resence  of  hyd rogen  r e s u l t s  i n  t h e  
f o r m a t i o n  o f  hexagona l  ( z i g - z a g )  e t c h  p i t s  o f  low r e a c t i v i t y .  (Llong w i t h  
t h i s ,  chemiso rbed  h y d r o g e n  i s  known t o  s t r o n g l y  b i n d  t o  carbon and r e d u c e  
oxygen a d s o r p t i o n  c a p a c i t y  [181 .  I n  c o n t r a s t ,  g a s i f i c a t i o n  i n  C O n  a l o n e  
r e s u l t s  i n  r o u n d  p i t s  w i t h  a rm-cha i r  edges. F o r  hyd rogen  g a s i f i c a t i o n ,  
Z i e l k e  and G o r i n  1111 p o s t u l a t e d  t h a t  r e a c t i o n  i s  s t e r i c a l l y  a o r e  s u i t e d  t o  
t h e  a rm-cha i r  f a c e .  Thus i t  i s  l i k e l y  t h a t  t h e  f u n c t i o n  o f  t h e  oxygen- 
b e a r i n g  s u r f a c e  s p e c i e s  i s  t o  m a i n t a i n  and p r o p a g a t e  a r m - c h a i r  r e a c t i o n  s i t e s  
on the  c a r b o n  d u r i n g  g a s i f i c a t i o n .  Removal o f  oxygen spec ies ,  e i t h e r  b y  
d e s o r p t i o n  o r  r e d u c t i o n ,  r e s u l t s  i n  consumpt ion  o f  a rm-cha i r  s i t e s ,  l e a v i n g  
o n l y  r e s i d u a l  and u n r e a c t i v e  z i g - z a g  f a c e s  t o  n h i c h  hyd rogen  s t r o n g l y  b i n d s .  
Combust ion i n  oxygen  r e s u l t s  i n  f o r m a t i o n  o f  nen  a rm-cha i r  f a c e s ,  r e s u l t i n g  
i n  enhancement o f  h y d r o g e n  g a s i f i c a t i o n  r a t e .  S i m i l a r l y ,  t h e  a d d i t i o n  o f  
c a t a l y s t  r e s u l t s  i n  t h e  p resence  o f  a l a r g e r  q u a n t i t y  and p o s s i b l y  more 
s t a b l e  O x y g e n - c o n t a i n i n g  s p e c i e s  n h i c h  p r o p o g a t e  t h e  a r m - c h a i r  f aces ,  t h u s  
c a t a l y z i n g  t h e  r e a c t i o n .  

The l o w  i n i t i a l  c a t a l y t i c  a c t i v i t y  f o r  KlC=O.Ol samples and t h e  obse rved  

F o r  t h e  NalC03 c a t a l y s t ,  e v o l u t i o n  o f  p r i m a r i l y  C O  a t  h i g h e r  

The mechanism b y  n h i i h  t h e  oxygen-bear ing  s p e c i e s  ( n h e t h e r  oxygen i n  t h e  
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T h i s  i d e a  i s  a l s o  c o n s i s t e n t  w i t h  r e s u l t s  r e p o r t e d  b y  Baker  e t  a l .  1191 
and Tomi ta and Tamai 1201 f o r  ba r ium and t r a n s i t i o n  m e t a l  c a t a l y z e d  hyd rogen  
g a s i f i c a t i o n ,  i n  n h i c h  r e a c t i o n  o c c u r s  v i a  c h a n n e l i n g  o f  c a t a l y s t  p a r t i c l e s  
i n  t h e  <1120) c r y s t a l l o g r a p h i c  d i r e c t i o n .  The r e s i d u a l  z i g - z a g  f a c e s  l e f t  b y  
t h e  channe l  show no r e a c t i v i t y .  These c a t a l y s t s  t h e r e f o r e  p r o p a g a t e  t h e  arm 
c h a i r  f a c e  a t  t h e  head o f  t h e  channe l ,  r e s u l t i n g  i n  c o n t i n u e d  g a s i f i c a t i o n .  

CONCLUSIONS 

The s i m i l a r  a p p a r e n t  a c t i v a t i o n  energy  and s u r f a c e  a r e a  development  f o r  
u n c a t a l y z e d  and c a t a l z y e d  hyd rogen  g a s i f i c a t i o n  r e a c t i o n s  s u g g e s t s  t h a t  
c a t a l y s t s  i n c r e a s e  t h e  number of a v a i l a b l e  r e a c t i o n  s i t e s  w i t h o u t  c h a n g i n g  
t h e  r e a c t i o n  mechanism. S u r f a c e  oxygen enhances t h e  r a t e  o f  g a s i f i c a t i o n ;  
t h i s  a l o n g  w i t h  e v o l u t i o n  o f  C O a  f r o m  p o t a s s i u m  c a r b o n a t e  d u r i n g  h e a t u p  makes 
possible t h e  i d e a  t h a t  a s u r f a c e  oxygen complex i s  t h e  c a t a l y t i c  agen t .  
Eased on e v i d e n c e  i n  t h e  l i t e r a t u r e ,  t h e  r o l e  o f  s u r f a c e  oxygen i s  p o s t u l a t e d  
t o  be  p r o p o g a t i a n  o f  t h e  a r m - c h a i r  c o n f i g u r a t i o n  o f  edge s i t e s  d u r i n g  
g a s i f i c a t i o n .  These a r m - c h a i r  s i t e s  a r e  b e l i e v e d  t o  be t h e  s i t e s  a t  which 
hydrogen g a s i f i c a t i o n  o c c u r s .  

ACKNOWLEDGNENT 

T h i s  m a t e r i a l  i s  based upon work s u p p o r t e d  by t h e  N a t i o n a l  Sc ience  
Founda t ion  under  Gran t  No. CPE-8;-07963. 

REFERENCES 

1.  Gardner ,  N., E. Samuels, and K. W i l k s ,  Coal  G a s i f i c a t i o n ,  ACS Advances i n  

2.  Walker ,  P.L. J r . ,  S. Matsumoto,  T. Hanzawa, T.  Mui ra ,  and I . M . K .  I s m a i l ,  
Chemis t r y  S e r i e s .  131, 209 (1974) .  

Proc.  I n t .  Sfip. on C a t a l v z e d  Carbon and Coal  G a s i f i c a t i o n ,  Amsterdam, I 1  
(1982) .  

on Coal  Sc ience ,  D u s s e l d o r f ,  301 (1980) .  
3. Wigmans, T . ,  M. E l f r i n s ,  A. Hoogland,  and J . A .  R o u l i j n ,  P r o c .  I n t .  Conf .  

4. Can, J .R. ,  and M.H. Back,  Carbon 20, 505 (1962) .  
5. Tomi ta ,  A , ,  O.P. Nahajan,  and P.L. Walker  J r . ,  F u e l  56, 137 

A .  Can, J.R., and M.H. Back,  Carbon 23, 141 (1965) .  
7.  Blackwood, J .D . ,  A u s t r a l i a n  J .  Chem. 12, 14 ( 1 9 5 9 ) .  
8. Z o h e i d i ,  H., and O.J. M i l l e r ,  C- ( i n  r e v i e u )  ( 1 9 8 6 ) .  
9. A d j o r l o l o ,  A . A . ,  and Y.K. Ran, Carbon 22, 173 (1984) .  
10. O t t o ,  K., and M. S h e l e f ,  Chem. Ena. Conmun. 5, 223 ( 1 9 8 0 ) .  
11. Z i e l k e ,  C . W . ,  and E. G o r i n ,  I n d .  and Enq. Chem. 47, 820 (1955) .  
12.  h l b r a n s e n ,  E . R . ,  K.F. Andren, and F.A. B r a s s a r t ,  J. Elec t rochem.  Soc.  

13. N i m s ,  C.A. ,  and J . K .  Pabs t ,  F u e l  62,  176 ( 1 9 8 3 ) .  
14. Wood, B.J.,  and K.M. S a n c i e r ,  C a t a l .  Rev. -Sc i .  E n q .  % ( 2 ) ,  233 ( 1 9 8 4 ) .  
15. Wigmans, T . ,  R. E l f r i n g ,  and J.A. M o u l i j n ,  Carbon 21, 1 (1983) .  
16. Yuh, S.J., and E . € .  Wol f ,  F u e l  63, 1604 ( 1 9 8 4 ) .  
17. Yang, R.T. ,  and R . Z .  Duan, Carbon 2 3 ,  325 (1985) .  
16. Bansa l ,  R.C., F.J. V a s t o l a ,  and  P.L. Walker ,  J r . ,  Carbon 12, 355 (1974) .  
19. Baker ,  R.T.K., C.R.F. Lund, and  J.J. C h l u d z i n s k i ,  J r . ,  J. C a t a l .  87, 255 

20 .  Tomita,  A . ,  and Y.  T a s a i ,  J .  Phys. Chem. 78, 2254 (1974) .  

(1980) .  

- 112, 49 ( 1 9 6 5 ) .  

(1984) .  

155 



W 
t 
4 
LT 

Z 

c 
0 
Q 
W 
LT 

G 

.- 
C 

0, 

.- 

r 301 20 

A -K2C03 
-Na2C03 

+ -uncatalyzec 
O -KCI 

L .- 
E > 
6 10 
- 
E 

W 

0 
0 50 100 150 200 250 300 

TIME (min) 

FIGURE 1. Methane evolution ra te  a t  865'C for M/C=0.02 
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FIGURE 3.  Arrhenius plot for M/C=0.02 
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FIGURE 4. Oxygen effects o n  unca ta lyzed  rates. 
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